Results from two studies have implicated the interferon regulatory gene IRF5 as a susceptibility gene in systemic lupus erythematosus (SLE). In this study, we conducted a family-based association analysis in 380 UK SLE nuclear families. Using a higher density of markers than has hitherto been screened, we show that there is association with two SNPs in the first intron, rs2004640 (P 5 3.4 3 10 24 ) and rs3807306 (P 5 4.9 3 10 24 ), and the association extends into the 3 0 -untranslated region (UTR). There is a single haplotype block encompassing IRF5 and we show for the first time that the gene comprises two over-transmitted haplotypes and a single under-transmitted haplotype. The strongest association is with a TCTAACT haplotype (T:U 5 1.92, P 5 5.8 3 10 25 ), which carries all the over-transmitted alleles from this study. Haplotypes carrying the T alleles of rs2004640 and rs2280714 and the A allele of rs10954213 are over-transmitted in SLE families. The TAT haplotype shows a dose-dependent relationship with mRNA expression. A differential expression pattern was seen between two expression probes located each side of rs10954213 in the 3 0 -UTR. rs10954213 shows the strongest association with RNA expression levels (P 5 1 3 10 214 ). The A allele of rs10954213 creates a functional polyadenylation site and the A genotype correlates with increased expression of a transcript variant containing a shorter 3 0 -UTR. Expression levels of transcript variants with the shorter or longer 3 0 -UTRs are inversely correlated. Our data support a new mechanism by which an IRF5 polymorphism controls the expression of alternate transcript variants which may have different effects on interferon signalling.
INTRODUCTION
Systemic Lupus Erythematosus (SLE) (OMIM 152700http:// www.genetests.org/query?mim ¼ 152700) is a multi-system complex autoimmune disease with a wide range of clinical symptoms and characterized by the production of autoantibodies against a diverse range of nuclear and cell surface autoantigens. It is the formation of immune complexes with these autoantibodies and their deposition in multiple organs that contribute to eventual end-organ damage.
The overall disease frequency is 11-250 in 100 000 (1) , it is dependent on gender and ethnic group, being more frequent in females and less common in white Caucasians. The genetic component to SLE has been well established with familial clustering studies, where the sibling risk ratio, ls, is equal to 20 (2) and twin studies have shown a 10-fold greater concordance in monozygotic twins, when compared with dizygotic twins (3) . In addition, there have been six genome-wide linkage scans, which have identified a number of suggestive susceptibility loci in a number of different populations (4 -10) .
The production of type I interferons (IFN) and the regulation of IFN-inducible genes may have crucial importance in the aetiology of SLE, since raised levels of IFN-a are a well established phenotype in SLE patients. This increase appears to be correlated with both disease activity and severity (11) . Although the cells producing type I IFNs, plasmacytoid dendritic cells, make up only 0.1% of the peripheral blood mononuclear cells, production of type I IFNs stimulates a strong immune response. This occurs when IFN-a binds to the IFN-a receptor on the surface of cells to activate the janus kinases, with transmission of a signal through the JAK -STAT pathways leading to the subsequent increased expression of other genes in the IFN signalling pathway, the so-called IFN-inducible gene expression signature (12) .
The transcription factor interferon regulatory factor 5 (IRF5) forms part of this IFN-gene expression signature, thereby playing a role in the stimulation of the immune response. The gene was initially reported to be associated with SLE in Scandinavian and Finnish samples (13) , and in a separate study using samples from Argentina, Spain, Sweden and the US by Graham et al. (14) . IRF5 is a part of the IRF gene family, which contains nine transcription factors, all with a novel helix-turn-helix DNA binding motif (15) . It is a 12 kb gene, containing nine exons, located on human chromosome 7q32, which is not part of a replicated linkage region mapped in SLE. IRF5 is constitutively expressed in all lymphoid organs, except thymus, especially in plasmacytoid dendritic cells, monocytes, monocyte-derived dendritic cells and B cells (16, 17) . Following viral infection, expression of IRF5 is up-regulated by IFN-a, phosphorylated and then translocated to the nucleus, where it subsequently up-regulates IFN-inducible genes, including pro-inflammatory cytokines such as IL-10, and also those involved in apoptosis and the early immune response (13) . This up-regulation of molecules important in the IFN response pathway may therefore have important functional consequences in the pathogenesis of SLE. The importance of IRF5 in the immune response is not limited to humans. The Irf5 knockout mouse, exhibits reduced production of pro-inflammatory cytokines, including IL-6, IL-12 and TNF-a (18) .
A recent paper (14) described a low-density map across IRF5, with four SNPs, which formed a single haplotype block, containing a single over-transmitted haplotype. The predominant individual association came from the promoter and the 5 0 end of intron 1. Consequently, the main focus of the published study was the promoter and intron 1, with only a single SNP included from more distal sections of the gene. The paucity of markers meant that it was not possible to fully assess the contribution to the association from the 3 0 end of the gene. In addition, a functional splice site from a variant at the intron -exon 1b boundary was described (14) and a contribution to the regulation of mRNA levels from a variant in the 3 0 -flanking region of the gene. However, neither of these functionally relevant over-transmitted alleles uniquely demarcated the over-transmitted haplotype. Therefore it is likely that both of these alleles represent part of the genetic effect from IRF5.
A family-based association study, in UK SLE parentalproband trios, was performed to explore the contribution of IRF5 genotypes to the SLE phenotype. Several previously reported SNPs associations were confirmed, novel SNP associations are reported and a finer haplotype map across the gene is described. We also propose a novel mechanism that determines the expression level of some of the known IRF5 transcript variants.
RESULTS

Haplotype structures across IRF5 in UK SLE families
To comprehensively examine the role of IRF5 SNPs in SLE, we genotyped eight SNPs shown in Table 1 in a cohort of SLE families. All the SNPs generated viable Sequenom assays with .95% genotyping, HWE P-values of .0.05 and fewer than 4% sporadic Mendelian errors. The genotyping data were used to reconstruct haplotypes using 357 EuropeanCaucasian (EC) parental-proband trios and 22 Indo-Pakistani (IP) families. We used this joint dataset for all analyses, since there was the same trend for association for each marker in the two sub-populations. Furthermore, the parental samples for the EC and IP sub-populations showed no significant difference in minor allele frequency (MAF) for any SNP in IRF5 and there was less than a 5% difference in the frequency of the associated haplotypes between the two subpopulations. In the EC and IP samples (CIP samples) there is a single haplotype block which stretches across all the markers typed, consisting of seven haplotypes at frequencies .3%. The haplotype structure accounts for 91.5% of the total chromosomes studied (Fig. 1) .
TDT analysis for individual SNPs in IRF5
In order to examine the association between IRF5 and SLE, TDT analysis was performed in the 379 parental-proband trio families using GENEHUNTER-TDT (GH-TDT) and family-based association test (FBAT). The results presented in Table 1 show significant association by GH-TDT analysis for two markers in the first intron of IRF5, designated IRF5 SNP 2 (P ¼ 3.4 Â 10 24 ) and IRF5 SNP 4 (P ¼ 4.9 Â 10 24 ). IRF5 SNP 2 is located in the GT consensus donor splice site at the boundary of the untranslated exon 1b of IRF5 and has been previously associated with SLE (13, 14) . There are weaker associations with four other markers IRF5 SNP 3 (P ¼ 0.013) in intron 1, IRF5 SNP 6 (P ¼ 0.01) in the 3 0 -UTR, and both IRF5 SNP 7 (P ¼ 0.008) and IRF5 SNP 8 (P ¼ 0.007) located 4.6 kb and 5 kb downstream from the 3 0 -UTR, respectively. The highest transmission ratios were observed for IRF5 SNP 6 and IRF5 SNP 7, the common allele of IRF5 SNP 6 was over-transmitted in a ratio of 1:1.77 and the minor allele of IRF5 SNP 7 was overtransmitted (1.64:1). However, the statistical significance was reduced at IRF5 SNP 7 due to its lower MAF and hence fewer observations. The results from FBAT are also given in Table 1 and confirm the associations described for GH-TDT. Similar associations were found only when the European cohort was analysed (Supplementary Material, Table S1 ). There were trends for association in the same direction in the Indo-Asian cohort, but it was too small to generate significant results alone.
Haplotype-TDT analysis
The analysis of individual SNPs in IRF5 shows the association with SLE for several variants spread across the length of the gene. To evaluate the correlation between IRF5 haplotypes and SLE Haplotype-TDT using GENEHUNTER was performed (Table 2) . Two over-transmitted haplotypes were identified, each with 2-fold excess transmission to patients with SLE. There is some loss of linkage disequilibrium (LD) between IRF5 SNPs 1 and 2 (r 2 ¼ 0.36), so that IRF5 SNP 1 does not segregate fully with the associated haplotypes. This explains why IRF5 SNP 1 is not included as part of TDT analysis for individual SNPs across IRF5 in 379 parent-affected offspring trios, by GH-TDT and FBAT are shown. The identity of the minor allele and the MAF is listed for each polymorphism. The column marked 'GH-T:U' shows the number of transmitted to untransmitted families for GH-TDT in the T:U N column, the ratio has been normalized to 1. The direction of the transmission is indicated by the direction of the T:U ratio, only IRF5 SNP 7 shows over-transmission of the rare allele. x 2 for GH-TDT and the Z score for FBAT are shown. For both GH-TDT and FBAT, all P-values are quoted with one degree of freedom. the over-transmitted haplotypes (3 and 7) illustrated in Figure 1B . The predominant association is the overtransmission of a TCTAACT sub-haplotype carried on haplotype 3 (P ¼ 5. Figure 1 to distinguish it from haplotype 4, from which it differs at IRF5 SNP 1.
Endophenotype analysis across IRF5
Endophenotype analysis was performed to check for heterogeneity of association between affected individuals carrying a particular endophenotype versus those who do not. The analysis was performed between two-SNP haplotypes IRF5 SNP 2 and IRF5 SNP 6, to maximize any potential effect, because the TA allelic combination for these variants is carried on both the over-transmitted haplotype. The families included in this analysis were those whose proband had renal disease (n ¼ 124), possessed antibodies against Sm (n ¼ 12), RNP (n ¼ 44), Ro and/or La (n ¼ 105), double-stranded DNA (n ¼ 58), or IgG and/or IgM anticardiolipin (n ¼ 118). Neither the families where the proband had renal disease nor those possessing one of the autoantibodies show a significant difference in transmission pattern when compared with those which did not carry each particular endophenotype (P . 0.1).
Correlation of CEPH GT with IRF5 expression level
The association study in UK SLE families identified a single haplotype block across the gene, containing multiple associated haplotypes, each of which carried several associated alleles ( Fig. 1A and B ). One possible mechanism by which SNPs may influence SLE susceptibility is by genetically specifying cellular mRNA levels. To explore this hypothesis, we established whether SNPs in the IRF5 gene were associated with variation in the level of mRNA extracted from a panel of CEPH B-lymphoblastoid cell lines.
Thirty CEPH samples, comprising the parents of 15 CEPH families were analysed for IRF5 expression using data generated from the Affymetrix hgU133plus2 expression array. This array contains three probes targeting IRF5: 205468_s_at probes exons 2 through 5; 205469_s_at is located in the 3 0 -UTR (between nt1615 and 2150 of NM_002200) and 239412_at which hybridizes further downstream (nt2306 -2809 of NM_002200). The expression levels detected by 205468_s_at correlated tightly with those obtained from 205469_s_at, so that in further analysis 205469_s_at was chosen to represent both. The positions of the two most informative probes are shown in Figure 2A : Probe 1 is used to abbreviate 205469_s_at, and Probe 2 to represent 239412_at. Expression levels among the 30 samples showed a surprisingly wide range: RNA levels detected by Probe 2 varied 8-fold, while expression measured by Probe 1 only varied 3-fold (Supplementary Material, Table S2 ).
To search for variants underlying the expression variation in IRF5, the genomic DNA of the 30 CEPH parental samples was re-sequenced across all exons and splice junctions of IRF5. In addition, 1 kb of proximal promoter was also re-sequenced. These areas were selected since they offer the highest probability of causal changes or closely linked surrogates. Twenty-one polymorphisms were identified; these included three polymorphisms used in the association study (IRF5 SNPs 2, 6 and 8). Of the 21 polymorphisms identified, seven showed an association with RNA expression levels at significance level P , 0.001 (Supplementary Material, Table S2 ). The location of these eight SNPs (labelled E1 -E8) and their relationship to the SNPs genotyped in the UK samples are detailed in Figure 2A . Haplotypes present in CEPH and UK SLE families were similar (data not shown). The three SNPs from the CEPH analysis (rs2004640, rs10954213 and rs2280714) that were identical to SNPs genotyped in the UK families (IRF5 SNP 2, IRF5 SNP 6 and IRF5 SNP 8) allowed us to directly superimpose the haplotypes in the two populations.
To examine the relationship between expression levels and the over-transmitted haplotypes from the UK SLE families, we constructed three-marker haplotypes in a total of 91 CEPH individuals, including the 30 CEPH parental samples used for re-sequencing and an additional 61 grandparental samples, using IRF5 SNPs 2, 6 and 8. These three variants were among the polymorphisms showing association with SLE, with over-transmission of the T alleles of both IRF5 SNP 2 and IRF5 SNP 8 and also the A allele of IRF5 SNP 6 ( Table 1 ). The three-marker haplotypes inferred in the CEPH individuals are described in Table 3 together with the relative expression values from the two Affymetrix probes (Probes 1 and 2). Figure 2B shows a graph of the relative expression level for samples carrying none, one or two copies of the TAT (SNP 2, 6 and 8) haplotype against genotype, with separate plots for the two expression probes. There was a clear dose-dependent relationship between the level of IRF5 mRNA expression and the number of over-transmitted TAT haplotypes in an individual. Comparison of this expression difference by one-way ANOVA showed a greater dose-dependent response for Probe 2 (239412_at) (P ¼ 4.4 Â 10 210 ) than for Probe 1 (205469_s_at) (P ¼ 7.5 Â 10 28 ). Individuals with two copies The table summarizes GH-TDT analysis across IRF5 in a data set consisting of 379 parental-proband trios. The allelic composition and haplotype frequency is shown for each putative associated haplotype. The column marked 'T:U' represents the transmitted:untransmitted ratio of the haplotype in the informative families.
of the over-transmitted TAT haplotype showed increased expression with Probe 1 (205469_s_at), when compared with those samples having only one copy of the TAT haplotype. The samples carrying no TAT haplotypes, expressed the least IRF5 mRNA, as measured by Probe 1. Since both over-transmitted haplotypes in the UK SLE samples carry the TAT alleles of IRF5 SNPs 2, 6 and 8, these data provide a direct link between the over-transmitted SLE haplotypes and an increase in the level of mRNA expression. For Probe 2 (239412_at), the dose-dependent effect was in the opposite direction to that seen for Probe 1. The maximal expression of IRF5 mRNA was seen in samples with no copies of the TAT haplotype, with the minimum level of expression observed for those samples with two TAT haplotypes. The differential correlations of the two probes suggested that the two probes recognized different transcript variants of IRF5; this possibility prompted us to look at the pattern of association for IRF5 expression for each individual polymorphism across IRF5. The pattern of these associations is presented in Figure 3C , in which the negative log 10 P-value of the correlation of each marker with expression level is plotted. The figure clearly demonstrates a peak of association for IRF5 SNP 6 (rs10954213), with a P-value of 1.17 Â 10 25 with Probe 1 and P-value of 1.02 Â 10 214 with Probe 2. IRF5 SNP 6, which lies in the interval between the two expression probes, is the most likely candidate identified for this key determinant in the differential regulation of transcript variants. Previous reports showed a strong association between the polymorphism rs2280714, located 4.5 kb downstream of IRF5, and expression levels of IRF5. To compare this variant with IRF5 SNP 6, we genotyped the 30 CEPH parents for rs2280714 (IRF5 8). The observed association with IRF5 expression was more significant than the association observed with IRF5 SNP 2, but considerably weaker than IRF5 SNP 6, supporting the conclusion that IRF5 SNP 6 is a major determinant of IRF5 mRNA levels.
To assess the magnitude of the influence of IRF5 SNP 6 on gene expression, we quantified the difference in the strength of association for IRF5 SNP 6 with each of the two probes. We also extended the sample set by including 61 grandparents from unrelated CEPH pedigrees, to give a total of 91 CEPH individuals The CEPH samples were categorized according to IRF5 SNP 6 genotype and the mean expression for each sample group was calculated separately for each probe (Fig. 3D ). This analysis shows that for Probe 1 (205469_s_at), there is an 2-fold increase in expression level for the A/A homozygotes compared with the G/G homozygotes (mean expression levels for A/A 9.96, A/G 9.58, G/G 9.08). The difference is more marked, yet inverse, for Probe 2 (239412_at), with a greater than 5-fold decrease in the level of expression of the A/A homozygotes, compared with the G/G homozygotes (mean expression levels for A/A 7.92, AG 9.69, G/G 10.42). The most striking point is the reversal of direction of this relationship, which suggests that the over-transmitted A allele of IRF5 SNP 6 has a key role in the regulation of gene expression for SLE. 
Continued
In order to further explore the relationships between genotypes and mRNA expression, we applied a graphical modelling technique (22, 23) , a form of multivariate analysis that uses graphs to represent models. A graphical model consists of a set of vertices and edges (Fig. 4) . Vertices correspond to the variables, and edges represent direct dependencies between corresponding variables. We used the following variables for graphical modelling: genotypes at SNPs E1, E3, E4 (IRF5 SNP 2), E5, E6 (IRF5 SNP 6) and E8 (rs2280714), mRNA expression levels as measured by Probe 1 (205469_s_at), Probe 2 (239412_at) and 205468_s_at, and sex of an individual (Fig. 4) . We excluded SNPs E2 and E7 from the analysis, because within the dataset SNP E2 is in complete equilibrium with E1, and SNP E7 is in complete equilibrium with E5. The results of the analysis are shown in Figure 4 . This graphical model shows that there are only two SNPs, E5 and E6, directly associated with two sets of probes (Probes 1 and 2). This corroborates the ANOVA results. The model also shows that the other SNPs are in LD with these two, and that sex is independent of the other variables. SNP E8, previously the strongest correlate for IRF5 expression, is not an independent marker for IRF5 expression. However, it is directly related to SNP 6, indicating its strong relationship to IRF5 expression. Interestingly, the disequilibrium between all the SNPs is represented by a linear graph. Probe set 205468_s_at is directly associated only with probe set 205469_s_at. This is consistent with the assumption that both of these two probe sets measure total transcription of all variants.
Mechanism for the differential expression pattern in the 3
0 -UTR of IRF5
Having established that there was a differential pattern of expression associated with IRF5 SNP 6, we tried to establish the mechanism(s) that could explain these findings. When the sequence context around this variant was investigated in greater detail, we observed that IRF5 SNP 6 lies in a potential polyadenylation site [AAT(G/A)AA]. Further examination revealed that the over-transmitted A allele of IRF5 SNP 6 creates a novel polyadenylation site (AATAAA) (Fig. 3A) . It was predicted that the two alleles of IRF5 SNP 6 would create alternative polyadenylation patterns of the IRF5 transcripts, as described in Figure 3B . Samples which are homozygous for the over-transmitted A allele are predicted to preferentially express more of a shorter transcript, whereas G/G homozygotes will produce mRNAs with a longer 3 0 -UTR. To investigate this hypothesis, we designed a set of RT-PCR primers that would amplify the longer of the two transcripts (Fig. 3) . EBV B cell RNA was analysed from the CEPH parental samples, with the individuals being selected on the basis of their genotype at IRF5 SNP 6. Eleven A/A homozygotes and three G/G homozygotes were studied by 
The sample IDs are GM IDs of 91 CEPH family members. The columns, headed 'Probe 1 (205469_s_at)' and 'Probe 2 (239412_at),' display the relative expression levels of the two probes for each sample on a log 2 scale. The columns marked 'Genotype Data' show the genotype data for three markers across IRF5. The haplotypes for these markers were constructed using the phase algorithm in PLINK. The column marked 'Haplotype counts per sample' describes the number of copies per sample of the IRF5 SNP 2 -IRF5 SNP 6 -IRF5 SNP 8 TAT haplotype.
quantitative real-time PCR and the results normalized to three housekeeping genes (Fig. 5) . The analysis reveals that the G/G homozygotes generate more than 30-fold higher levels of the longer IFR5 transcript than A/A homozygotes (P , 10 24 ).
DISCUSSION
Haplotype structure in UK SLE families for IRF5
As part of the family-based association study in the UK SLE families, the haplotypes across the gene were constructed. Figure 1B illustrates that the haplotype pattern across IRF5 captures 91.5% of the total available haplotypes, with the three associated haplotypes, 2, 3 and 7 accounting for 35.1% of all analysed chromosomes. Data from the HAPMAP project was used to look for evidence of LD between IRF5 and its immediate neighbouring genes. This comparison showed that there is a clear recombination (r 2 ¼ 0.04) at the 5 0 end of the gene. This recombination point is located between IRF5 and its closest neighbouring gene, the hypothetical protein FLJ33365, found 57 kb upstream. However, at the 3 0 end of the gene, the pattern of LD is more complex. The closest gene to IRF5, located 6 kb away, is TNPO3 (Transportin 3), which is involved in the nuclear transport of the pre-mRNA SR splicing proteins (19) . There is a drop in LD across the IRF5-TNPO3 intergenic region, but there are values with variants in TNPO3 are all ,0.46. Both these factors suggest that by more extensive mapping of the haplotypes across IRF5, we may be able to break down the associated haplotypes across the gene.
Comparison of association across IRF5 in UK SLE families and previous reports
The pattern of association for individual variants in the UK samples corroborates previously published reports (13, 14) , but there are also some differences as summarized in ). There is also a direct corroboration of the association for IRF5 SNP 3 (13) but the signal is weaker than that seen for IRF5 SNP 2. The main difference between the UK data and the published data is the lack of association from the promoter variant IRF5 SNP 1, which is accompanied by a break in LD between IRF5 SNP 1 and all of the down-stream SNPs in IRF5 (r 2 , 0.36). In the UK families there are additional, strong signals further downstream, including IRF5 SNP 4 (P ¼ 4.9 Â 10 24 ) and IRF5 SNP 7 (P ¼ 0.007). Taken together, these data suggest a downstream shift in the overall pattern of strongest association in the UK samples when compared with both of the published reports, which may reflect multiple functional effects on the gene carried on the over-transmitted haplotype in different populations.
Polyadenylation variation in IRF5
We used two Affymetrix probes to measure the levels of RNA expression, both of which are located in the 3 0 -UTR of IRF5. Seven polymorphisms across IRF5 were examined in 30 CEPH parental samples and a correlation between genotype and expression levels was observed (Fig. 3C) . In an extended data set, which included 30 CEPH parental samples and 61 unrelated grandparents, a correlation was also found between expression level and IRF5 haplotype (Fig. 2B) . We demonstrated that the haplotypes showing over-transmission in the UK SLE families tended to generate increased levels of IRF5 mRNA expression as assayed using the 5 0 -probe (Probe 1). Surprisingly these same haplotypes were associated with decreased expression assayed using the 3 0 -probe (Probe 2). This intervening region between the two probes contained a polymorphism not previously studied inan SLE, IRF5 SNP 6, which creates a novel polyadenylation site. In samples carrying the over-transmitted A allele, a shortened transcript is produced, due to premature polyadenylation. However, in samples containing the G allele, a longer transcript is seen. We therefore hypothesize that creation of this novel polyadenylation site is a major functional mechanism in the regulation of IRF5 expression.
We confirmed this theory using RT-PCR, using two amplicons which show a probe-specific pattern of amplification. The primers for Product 1 amplify a sequence 5 0 to Probe 1 (Fig. 3A) and can be used to detect both the shorter, prematurely polyadenylated transcript, from samples containing allele A of IRF5 SNP 6 and also the full-length transcript from samples containing the G allele of this variant. However, the primers for Product 2 will preferentially amplify samples containing the G allele of IRF5 SNP 6. Expression Probe 1 (205489_s_at), which is 5 0 to the novel polyadenylation site is able to detect the expression of both polyadenylated isoforms, and Probe 2 (239412_at) is only able to pick up the longer mRNA transcripts, carrying the G allele (AATGAA). The function of the poly A site at IRF5 SNP 6 is 'leaky' since there is not a complete absence of expression for the 239412_at transcript in the A/A homozygote samples, implying that there may be some poly A function for the AATGAA sequence. Changes in the poly(A) hexamer can strongly affect processing (20) , so that AATGAA has 4% wild-type processing activity in vitro, but in vitro effects do not always correlate with functionality in vivo. Non-canonical polyadenylation signals are often found in transcripts with tissue-specific or alternative polyadenylation.
Therefore, the location of the two probes and the RT-PCR amplicons enabled us to determine that the novel polyadenylation site was a major determinant in IRF5 gene expression. A recent publication (14) showed that elevated expression of IRF5 was associated with the T allele of IRF5 SNP 8 (rs2280714), using two expression probes. IRF5 SNP 6 was not included in this study. Graham et al. found the greatest increase in expression in samples carrying the T alleles of both IRF5 SNPs 2 and 8, but that the 3 0 -flanking IRF5 SNP 8 was a better predictor of expression levels than IRF5 SNP 2. However, from the data presented in this article, we argue that it is IRF5 SNP 6 and not IRF5 SNP 8 which is the functional variant affecting gene expression. Both studies show a pattern of strong LD across the gene, but in our UK SLE samples, we have presented a denser map of variants to create haplotypes from eight SNPs rather than four, which enabled us to more accurately describe the haplotype structure across the gene. Both studies also report the association of an over-transmitted SLE haplotype with elevated levels of IRF5. However, it is the identity of the 3 0 -SNP and also the location of the expression probes which are the key determinants in unravelling the mechanism underlying the increased expression. In the same study (14) , both expression probes were located upstream of the novel polyadenylation site. They were Probe 1 and a second probe, 36465_at, which overlaps with Probe 1. By providing a molecular mechanism, our data indicate that it is IRF5 SNP 6 and not IRF5 SNP 8 which determines IRF5 mRNA levels.
Multiple functional effects of associated IRF5 haplotype
In this article, we have shown that there are multiple associated haplotypes across IRF5, which carry several associated variants. We have gone on to show that the over-transmitted haplotypes have a clear effect on the expression of IRF5 mRNA, and described the creation of a novel polyadenylation site at IRF5 SNP 6, which contributes to the association from this gene. The T allele of IRF5 SNP 2 creates a GT donor splice site for exon 1b, with preferential production of a splice variant from exon 1b (14) . The associated alleles of IRF5 SNPs 2 and 6 are in strong LD and presumably tend to augment IRF5 expression by different, albeit complementary mechanisms. However, none of these functionally relevant alleles are unique to both over-transmitted haplotypes. Given the weight of functional data to support a pathogenic role for both IRF5 SNP 6 and also IRF5 SNP 2, it is likely that further fine-mapping of the associated haplotypes will uncover additional functional polymorphisms. The significant association observed for IRF5 SNP 4 (Table 1) , is most likely due to strong LD with two SNPs having functional significance, rather than being an additional functional effect in itself. The pair-wise LD (Fig. 1C) between IRF5 SNP 4 and each of these SNPs is for IRF5 SNP 2 (r 2 ¼ 0.76,
There may also be a contribution from IRF5 SNP 7 in the 3 0 -flanking region, which is unique to the over-transmitted haplotype 3, but is not present on haplotype 7. Alternatively, since IRF5 SNP 7 is in LD with variants in TNPO3, it is possible that there are additional, as yet unidentified, associated variants in this neighbouring gene. We did scrutinize the small CEPH expression cohort that we typed in this study to determine whether any of the seven polymorphisms (SNPs E1 -E7) were in strong LD with IRF5 SNP 7. No polymorphisms showed evidence of LD with r 2 . 0.2. In summary, the genetic effects defining the involvement of IRF5 in SLE pathogenesis are likely to be complex, with multiple functional sequelae contributing to the overall association. We have defined multiple overtransmitted haplotypes which carry two or more of the putative functional alleles. Our current understanding suggests that the functional dysregulation of IRF5 in SLE involves inappropriate polyadenylation, aberrant splicing and up-regulation of mRNA expression. However, the aetiologic alleles responsible for all of these effects have not yet been determined. (13, 14) . Variant rs2204640 is located at a GT consensus splice site for exon 1b splicing (I/E) and rs109554213 creates a poly A site.
MATERIALS AND METHODS
Family collection
The laboratory possesses a large collection of SLE families of predominantly EC origin. The study cohort consisted of 379 UK parental-proband trios, of which 357 are EC and 22 of IP origin. All probands conformed to the ACR criteria for SLE (21) , with the diagnosis being established by telephone interview, health questionnaire and details from clinical notes and written consent obtained from all participants, including relatives. Ethical approval was obtained from MultiCentre Research Ethics Committee (MREC).
Selection of informative markers in IRF5
For the SLE association study, six of the markers in IRF5 were taken from the recent publications by Sigurdsson et al. (13) and Graham et al. (14) . Two additional SNPs were selected from the dbSNP database (http://www.ncbi.nlm.nih.gov/ projects/SNP/), to ensure good marker density across the gene, at a density of one SNP per 1.4 kb. Additional markers for IRF5 were identified by re-sequencing, SNPs E1 -E7 ( Fig. 2A) . Nested primers were designed for IRF5 exons and 1 kb of promoter, as referenced in NM_002200 and NM_032643 using genomic sequence from the UCSC genome browser. The primer sequences for this re-sequencing are given in Supplementary Material, Table S3 . All secondary primers were tailed with M13 primer sequence to facilitate dye-primer sequencing. Amplicons covering exons and approximately 50 bases of intron sequence were amplified by PCR and then sequenced with dye-primer chemistry. Products were run on MegaBace1000 (Amersham, GE) capillary sequencers. Base-calling, automated polymorphism detection and calling of genotypes were performed with proprietary software. All samples, reference sequences, primers, polymorphisms and genotypes were saved to a relational database.
Genotyping methodology
Except for the details given below, all genotyping was performed using MALDI-TOF mass spectrometry, and analysis of the raw genotype data was carried out using the MassArray Typer v3.4 software (Sequenom, Hamburg, Germany). Details of the assay designs are available on request. Additional genotyping of IRF5 SNP 8 (rs2280714) in CEPH individuals was performed by re-sequencing.
Correlation of affymetrix expression analysis with IRF5 genotype
The expression data were generated using three probe sets in the 3 0 -UTR of IRF5, 205468_s_at, 205469_s_at and 239412_at, which were present on Affymetrix hgU133plus2 chips. EBV-transformed B-lymphoblast cell lines from 99 parents and unrelated grandparents of 34 CEPH families were obtained from Coriell Cell Laboratories (Camden, NJ, USA) and grown according to recommendations. RNA was isolated from 80% confluent cells using the Ambion RiboPure Kit (Ambion, Austin, TX, USA). RNA yield was quantified using a Nanodrop ND-1000 and RNA integrity verified on a BioAnalyzer 2100 (Agilent, Foster City, CA, USA).
Template preparation, using 5 mg of total RNA as starting material, followed by microarray hybridization, wash, stain and scan was carried out as per the manufacturers recommended protocol for Affymetrix hgU133 Plus 2.0 microarrays. Probe set summaries of normalized signal intensities in base 2 logarithm were produced by applying the RMA method found in the R1.9.1 package, Affy (Bioconductor project http://www.bioconductor.org). The CEPH samples were categorized according to genotype or haplotype. Correlation of the mRNA levels with the genotype/haplotypes of SNPs E1 -7 was carried out by plotting the level of expression versus genotype. Associations between each SNP genotype and probe set expression levels were tested by ANOVA (S-PLUS 7.0.3, 2005, Insightful Corp., Seattle, WA, USA).
Graphical modelling was performed with MIM 3.2.0.1 (22) using an R interface package, mimR (23) . A step-wise procedure in decomposable mode was used with forward selection. In forward selection, the edge with the smallest P-value less than the critical value (0.05) was successively added to the current model until no more significant edges could be found.
Quantification of polyadenylation in IRF5
cDNA was prepared from EBV-transformed CEPH lymphocytes obtained from the Coriell Institute. These cells were cultured at 1 Â 10 6 cells/ml in RPMI 1460 medium supplemented with 10% fetal calf serum, 2 mM L-glutamine, penicillin (100 units/ml) and streptomycin (100 mg/ml). Total RNA was prepared from lymphocytes stored in Trizol, using a phenol-chloroform method or using RNAeasy spin columns (Qiagen, Crawley, UK). The RNA was quantified using the Nanodrop ND-1000 Spectrophometer (Labtech International, Rigmer, UK) and the quality was checked on an Agilent 2100 Bioanalyzer (Agilent Technologies, Stockport, UK). Total RNA of 2 mg extracted from the cultured cells was pre-treated with 1 unit of DNase I (Invitrogen Life Technologies, Refrew, UK) to remove any traces of genomic DNA contamination. The first strand cDNA was synthesized from this pre-treated RNA by priming with oligo(dT) 12 -18 primer using 200 units of Superscript II (Invitrogen Life Technologies), according to the manufacturers instructions. RT-PCR primers were designed to amplify a 273 bp product in the 3 0 -UTR of IRF5-the distal primer binding 3 0 to IRF5 SNP 6, such that the reaction selectively detects the longer transcript (primer sequences available on request). Quantification of mRNA transcripts was carried out using the Absolute QPCR SYBR Green kit (ABgene, Epsom, UK), according to the manufacturer's instructions on the 7500 Fast Real-Time (ABI). All samples were analysed in triplicates. The amount of each product was normalized against three housekeeping genes: NONO, GAPD and HPRT1 and analysed by permutation testing with REST 2005 software (Corbett Life Sciences).
Statistical analysis
All sample genotype and phenotype data was managed by, and analysis files generated with the BC/GENE and BC/CLIN software (Biocomputing Platforms Ltd, Finland). Markers were excluded from the analysis if they showed ,90% genotyping frequency, the HWE P-value was less than 0.05 and/or greater than 5% families in the study cohort showed sporadic Mendelian errors. Haplotype patterns were constructed using Haploview (24), using the Gabriel et al. algorithm (25) , with genotype data from the parental chromosomes of 358 EC and 22 IP parental-proband trios. This programme constructs haplotypes based on the D 0 measure of LD (26), together with an LOD score as a measure of significance and 95%CI to state the accuracy of the P-value. r 2 values were used (27, 28) to confirm the pair-wise LD for SNPs across each gene and to refine the overall haplotypic architecture. Only markers having an MAF .5% were included in the haplotype constructions. The haplotype block definition for both genes was based on CI for strong LD of 0.98 (upper) and 0.70 (lower), upper CI maximum for strong recombination of 0.90, at least 95% of strong LD in informative comparisons. TDT analyses to compare the observed and expected transmission of alleles from heterozygous parents to affected offspring were performed using GENEHUNTER 2.0 beta (29, 30) and FBAT (31, 32) .
Endophenotype TDT analysis was performed on families where the affected individual had renal disease. A separate analysis was carried out for those families where the probands produced anticardiolipin autoantibodies or antibodies to double-stranded DNA, and to the RNA-associated antigens, Ro, La, Sm and RNP. Familial clustering has been shown in our families for the presence of some of these autoantibodies (manuscript in preparation). This analysis was performed on the IRF5 SNP 2 and SNP 6 two-SNP haplotype. We addressed this by noting that the test statistic used by TRANSMIT is produced by summing score contributions over families. Thus, if the genetic effect is the same in each family, these score contributions should be exchangeable: in particular they should have the same mean. We tested this for the binary endophenotypes using a Welch two-sample t-test to compare the mean contribution in families where the proband has the endophenotype with that in families where the proband does not. Permutation tests provide robust alternative tests and give similar results on these data. Our aim was to investigate whether the transmission bias was greater in individuals with a given endophenotype. For this analysis, haplotypes for each individual were constructed for each CEPH family member using PHASE.
